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Abstract 
Push-out is one of the available techniques to assess the bond strength between 
the reinforcing fibres and the matrix in composite materials. The test is conducted on 
thin sections of composite, and a small indenter is used to apply increasing load on 
single fibres while measuring the displacement, until the debonding occurs. This study 
used push-out tests to assess the debonding mechanism of carbon fibres in an epoxy 
matrix. The tests were conducted at multiple loading rates (0.1 mN/s, 1 mN/s and 10 
mN/s) and temperatures (24°C and 125°C). The results were analysed and contrasted 
with scanning electron microscopy and atomic force microscopy observations. The data 
showed evidence of push-out events and provided new insights into the contribution of 
*Manuscript
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the viscoelastic behaviour of the fibre/matrix interface and/or the matrix. This finding 
could pave new pathways for improving the bond strength between the carbon fibres 
and the matrix in composite materials. 
 
Keywords: Carbon fibres (A); Polymer-matrix composites (A); Debonding (B); Creep 
(D)  
 
1. Introduction 
Carbon fibre reinforced polymers are composed of two phases: the carbon fibres, 
which provide strength and stiffness, and the polymeric matrix, which holds the 
reinforcing fibres in place and distributes the load among individual fibres [1]. The 
interfacial strength (IFS) between carbon fibres and polymeric matrices has important 
implications for the mechanical properties of composite materials [2, 3]. In spite of the 
extensive research efforts, the appropriate assessment of the IFS and its link to the 
macroscopic properties of composites remains challenging. Several testing methods 
have been developed to assess the IFS [4], including: micro-bond [5], pull-out [6, 7] or 
push-out tests [8, 9], fragmentation tests [10, 11] and Raman spectroscopy 
measurements of specimens under stress [12]. Even though each of these methods can 
be used to effectively rank the IFS, the results obtained by different methods are not 
directly comparable [13]. Moreover, it is difficult to link the microscopic test results 
with the macroscopic properties of composites. The inconsistencies are frequently 
attributed to the different stress states developed in microscopic and macroscopic 
conditions [13]. 
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In addition, there is no general agreement on the operating interfacial failure 
modes. Several models have been proposed with this regard, mainly based on stress and 
energy failure criteria [9, 14]. However, the limitations of both approaches have been 
discussed by several authors [15, 16], which could be attributed to the different load-
displacement responses of ceramic-matrix and polymer-matrix composites. Clearly, 
further advance in scientific understanding of the debonding mechanism is important to 
improve the IFS and to predict the behaviour of composites materials in real operating 
environments. In this article, the results of push-out tests, conducted at multiple loading 
rates and temperatures, are presented and discussed. The micro-mechanical tests were 
supported by microscopic observations to identify the debonding mechanisms. 
 
2. Materials and Methods 
2.1. Sample preparation 
The samples used for the tests were extracted from a rod of Toray Rebar S12 
unidirectional composite, consisting of T700 carbon fibres in an epoxy matrix (Table 1). 
Discs, 700 µm thick (Figure 1), were extracted from the rod of Rebar S12 using a 
Struers Accutom 5 precision cut-off machine, fitted with an Al2O3 abrasive disc and 
applying abundant cooling fluid. At least 300 µm of material were removed from each 
side of the discs by wet grinding with #1200 SiC abrasive paper. Finally, both sides of 
the discs were ground with #2500 and #4000 SiC abrasive paper and polished for 10 
minutes with colloidal silica suspension. In their final condition, the discs had a 
thickness between 20 µm and 40 µm, which reduces the load needed for the push-out to 
occur. The samples for the tests were cut from these discs using a sharp scalpel and 
stored in glass vials under room conditions (20°C and 50% relative humidity). 
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The glass transition temperature (Tg) of the Rebar S12A was determined using a 
Mettler Toledo DSC 1 Star calorimeter. Small samples, approximately 14.5 mg in 
weight, were placed in aluminium pans and heated from room temperature (24°C) to 
250°C at a rate of 20°C/min in a nitrogen atmosphere, and subsequently cooled down to 
room temperature (Figure 2). The first curve obtained in this way was discarded, and the 
glass transition temperature was determined from the second run, as recommended in 
Ref. [17]. 
2.2. Push-out tests 
The tests were conducted in a Micro Materials Vantage nanoindentation 
instrument, fitted with a Berkovich tip and a hot stage. A custom-made holder was 
manufactured, having 60 µm wide slots produced by electro discharge machining 
(EDM), where the fibres could be pushed out (Figure 3). The samples were fixed onto 
the holder using cyanoacrylate adhesive. Individual fibres were selected at random, 
using an optical microscope with a magnification of 400X. The positioning accuracy of 
the stage was in the order of 0.5 μm and it was re-calibrated every 8 to 12 tests. The 
instrument was operated in the displacement-control mode (through a feedback loop 
with the load) and the loading conditions are listed in Table 2, which consisted of two 
loading cycles. The first loading cycle was interrupted when the displacement reached 
1 μm, which was expected to be close to producing a push-out event, but not sufficient 
for the Berkovich indenter to contact the surrounding fibres. The load held for 5 s 
(dwell time at maximum load), and then gradually removed for the fibre and the sample 
to recover elastically. The second loading cycle was conducted until the displacement 
reached 2 μm or the load reached 200 mN (whichever condition was reached first). This 
cycle was expected to reveal information about the friction between the debonded 
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sections of the carbon fibre and the surrounding matrix, as well as to complete the crack 
propagation thus resulting in a push-out event [15].  
During the push-out tests, the temperature of the sample was controlled using a K-
type thermocouple embedded in the hot stage of the nano-indentation instrument. The 
samples were heated up to the target temperature of 125°C, above the Tg of the material, 
at a rate of 1.6°C/min; the indenter was not actively heated. The temperature was left to 
stabilise for a minimum of 30 minutes and it was kept constant throughout the test using 
a temperature controller. The convection losses were minimised using a ceramic wool 
shielding around the specimen. 
The results presented in the article are the average of 16 experiments or the most 
representative curve of the set. The fitting of the data was conducted with Wolfram 
Mathematica version 11.3, accounting for the stochastic variation between experiments. 
 
2.3. Characterisation 
The specimens were observed in a Jeol 7000 FEG-SEM using a thin carbon 
coating to improve the conductivity. The observations were only conducted once the 
tests were finished, so that the damage by the vacuum environment and the localised 
heating under the electron beam would not affect the results of the push-out tests. 
AFM observations were conducted in a Veeco MultiMode SPM, fitted with an 
AS12 scanner and a silicon nitride cantilever for contact mode. The elastic constant of 
the selected tip was 0.12 N/m. The results were analysed using the Bruker NanoScope 
Analysis 1.5 software. 
 
3. Results 
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3.1. Validity and limitations of the push-out tests 
The SEM observations conducted after the push-out tests clearly revealed single 
fibres which were pushed-in on the loading side of the samples, i.e. the surface of these 
fibres was at a lower plane compared to the nearest neighbours (Figure 4a). The pushed-
in fibres exhibited minimum surface damage, although the edges of the Berkovich 
indenter clearly made contact with the surrounding material, causing damage to the 
neighbouring fibres. In addition, the observations conducted on the back side of the 
samples revealed that the fibres were pushed-out, i.e. the surface of these fibres was at a 
higher plane in relation to the surrounding material (Figure 4b). 
The AFM observations on the back side of the specimens confirmed that the 
fibres were pushed-out (Figure 5). The push-out distance was between 1.0 μm and 1.2 
μm in all cases, which is in agreement with the geometrical limitations of the Berkovich 
indenter used for the experiments. Once this displacement threshold was reached, the 
Berkovich indenter made contact with the surrounding material, thus pushing or 
damaging the surrounding fibres. A careful observation of Figure 4 shows the damage 
on the surrounding fibres and the displacement of the nearest neighbouring fibres, 
relative to the rest of the sample. 
Based on these results, it can be concluded that the load-displacement data 
obtained during the push-out tests for displacements below the 1.2 μm is representative 
of the micro-mechanical response of single fibres in the composite.  
3.2. Load-displacement curves 
The typical load-displacement curve of the push-out tests is illustrated in Figure 6. 
The load and the displacement readings are directly obtained from the nanoindentation 
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instrument, whereas the strain and the stress were calculated using the following 
equations: 
𝜎 =  
𝐿
𝐴
 =  
𝐿
𝜋 ⌀ 𝑡
  (1) 
𝜀 =  
𝑑
𝑡
   (2) 
where 𝝈 is the stress, ε is the strain, L is the applied load, A is the average interface area, 
⌀ is the average diameter of the carbon fibres, d is the displacement and t is the 
thickness of the specimen. 
The characteristic regions of the load-displacement curve are indicated in 
Figure 6. The curves typically show a non-linear region at the beginning of the loading 
cycle, which finishes at displacements of approximately 200 nm (point 1). This section 
of the curve is associated with elastic and plastic deformation of the loaded fibre, until a 
conformal contact with the Berkovich indenter is reached. Larger deformations in this 
region are typically attributed to the elastic bending of the thin sample between the 
supports [18]; the samples exhibiting such behaviour were omitted from this study. The 
curve shows a linear region (2), which is attributed to the stiffness of the interface or the 
stable crack growth between the carbon fibre and the polymeric matrix. This region 
typically finishes at displacements in the order of 650 nm (point 3). At this point, the 
displacement increases more rapidly and a departure from the linear trend is observed. 
This is attributed to the debonding of the fibre from the matrix or the unstable crack 
growth, which often ended with a large displacement at constant load (IFS). 
The inset in Figure 6 shows the displacement during the dwell time (region 4). 
The increasing deformation at constant load is characteristic of a viscoelastic behaviour 
and some push-out events were observed in this region; these events were marked by a 
stepwise increase in displacement at constant load. The maximum displacement at the 
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end of this region was invariably in the order 1.2 μm, in agreement with the AFM 
observations of the fibre displacement after the test. At this point, the load was removed 
to allow for an elastic recovery and a hysteresis loop was formed upon reloading, which 
is frequently attributed to energy loses due to friction between the carbon fibre and the 
polymer [9]. The displacement of the indenter beyond the 1.2 μm threshold is associated 
with a considerable increase in load, because of the physical contact between the 
Berkovich indenter and the surrounding fibres. 
Table 3 summarises the results of the push-out tests conducted at room 
temperature and high temperature with different loading rates. In general terms, the 
samples tested at a low loading rate (0.1 mN/s) showed lower stress values at the 
characteristic points, compared to the samples tested at 1 mN/s and 10 mN/s; the 
differences between the latter were negligible. The strain at the characteristic points was 
comparable for all the loading rate conditions, whereas the loop area (region 5) 
increased with the loading rate. The results of the tests conducted at high temperature 
revealed similar trends, although the slope of the linear section (2) was lower, indicating 
a higher sample compliance at high temperature. In addition, the stress values at 
characteristic points tended to be lower, but the results were also more scattered. The 
loop area showed very similar results at room temperature and high temperature, in both 
cases increasing with the loading rate. 
These comments are reflected on the stress and strain curves plotted as a function 
of time (Figure 7). The stress increased linearly until a maximum point, where the 
displacement of the fibre reached 1 μm. At this point, the load was held for 5 seconds 
before unloading. The strain curves show clear signs of residual deformation at the end 
of the first loading cycle, which are attributed to the pushing-in/out of the carbon fibre 
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under load. The second loading cycle was conducted in a similar way, but in this case 
the maximum deformation reached 2 μm. It must be mentioned that the displacements 
beyond 1.2 μm are affected by the interference between the Berkovich indenter and the 
surrounding material. 
The samples tested at high temperature typically required lower loads to reach the 
1 μm displacement, defined as the limit for the first loading cycle, thus the total loading 
time was shorter. The shape of the strain curves at the end of the first loading cycle is 
noteworthy, where the deflection increases rapidly with minimum changes in the stress 
or even during the dwell time at constant stress. In addition, some differences can be 
observed depending on the loading rate and the temperature. The dwell time at 
maximum load is clearly visible for the high loading rate (10 mN/s), as 5 seconds are a 
significant portion of the total duration of the experiment. However, the dwell time is 
relatively short for the experiments conducted at lower loading rates (1 mN/s and 0.1 
mN/s) so these curves are presented separately in Figure 8. 
The shape of the curves in Figure 8 can be related with the viscoelastic response 
of the polymeric matrix, which is more evident at high loading rates, in which case the 
dwell time takes place before the system reaches equilibrium. On the other hand, the 
response during dwell time is almost linear for the low loading rate (0.1 mN/s), 
reflecting a system closer to equilibrium. In addition, the viscoelastic response during 
dwell time is also affected by temperature. The samples tested at high temperature 
exhibited a much higher compliance compared to the ones tested at room conditions, 
which is attributed to the different response of the polymer below and above the Tg. 
 
4. Discussion 
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The results presented in the previous section are in agreement with the literature 
[2, 9, 14-16]. However, the time-dependent response as a function of the loading rate 
and temperature, as well as the occurrence of push-out events during the dwell time at 
constant load, are noteworthy (Figure 8a, inset). These phenomena seem to be 
associated with viscoelastic response of the interface between the carbon fibres and the 
matrix, or the viscoelastic deformation of the polymer in the immediate vicinity of the 
tested carbon fibres. 
Jäger et al. [16] studied the influence of plastic deformation on the push-out test 
of carbon fibre reinforced epoxy. The authors observed a deviation in the force-
displacement curve from the linear behaviour, which they attributed to plastic 
deformation as opposed to crack growth. This remark highlights the different response 
of polymer-matrix and ceramic-matrix composites [9, 14-16]. The time-dependent or 
viscoelastic deformation is an important mechanism in polymers, which has been 
reported in nanoindentation experiments [19, 20]. 
High magnification observations of the pushed-out fibres revealed elongated 
filaments of polymer still attached to the carbon fibres, even after debonding occurred 
(Figure 9). The filaments rarely formed in the thin sections of polymer between 
neighbouring fibres, but they were frequently observed in the isles of polymer between 
3 staggered fibres, which resembles the plastic strain simulations in Ref. [16]. These 
filaments would continue to resist the displacement of the fibre, even at large strains, 
with the viscoelastic behaviour characteristic of the polymeric matrix. 
The viscoelastic response of polymers is often described using a Kelvin-Voigt 
(Eq. 3) [19, 20] or a logarithmic model (Eq. 4) [21, 22]: 
𝜀(𝑡) =  
1
𝑘
(1 − 𝑒
−𝑡
𝜏 ) =
𝜎
𝐸
(1 − 𝑒
𝜂
𝐸
𝑡)  (3) 
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𝜀(𝑡) =  𝑚𝑒𝑓𝑓 ln (
𝑡
𝛤
+ 1)   (4) 
where ε is the strain, k is the stiffness parameter related with the stress (σ) and the elastic 
modulus of the interface (E), and τ is the relaxation time constant associated with the 
viscosity (η) and the elastic modulus (E) and t is the time, meff is the strain rate 
sensitivity and 𝜞 is the creep time.  
Table 4 shows a summary of the fitting results, which indicate the prevalence of 
viscoelasticity in the experiments conducted at high loading rates (1 mN/s and 10 
mN/s), whereas the samples tested at lower loading rate (0.1 mN/s) exhibited a more 
linear response during the dwell time. The values also reflect the higher compliance 
observed in the high temperature experiments, which can be attributed to the softening 
and drop in stiffness of the polymeric matrix above Tg. The high modulus observed at 
short time range and low temperature can be attributed to the deformation of the 
intermolecular distance, which is a high energy distortion mechanism [23]. On the other 
hand, the reorientation and translation of the chain segments becomes possible at longer 
times and higher temperatures, and this relaxation is reflected on the decrease in 
modulus. Unfortunately, the fitting parameters can only be used as figures of merit at 
this stage, and further work is needed to obtain a detailed molecular interpretation of 
these values [24]. 
It is known that physical ageing can have a marked effect on the viscoelastic 
properties of polymers below Tg [25]. In our case, the samples were stored at room 
temperature for over 6 months (> 15 x 106 seconds), and the duration of the push-out 
tests was short in comparison (between 10 and 600 seconds). Therefore, the physical 
ageing during the tests was negligible and the load-displacement-time curves presented 
in this article are characteristic of a single aged condition (momentary curves) [26]. 
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Mendels et al. [27] reported that the physical ageing of the polymeric matrix had 
no significant influence on the IFS in micro-bond tests, and the observed changes were 
attributed to variations in internal stresses. Greisel et al. [14] conducted push-out tests 
on samples annealed at temperatures above Tg [25], where thermal rejuvenation occurs. 
The change in failure mode, from brittle to ductile, was linked with the relaxation of 
thermal stresses but the ageing time after annealing was not reported. In view of this, 
the effect of physical ageing on the push-out tests may require further study. 
The viscoelastic response has interesting implications for the micro-mechanical 
models that predict the interaction between the carbon fibres and the polymeric matrix. 
In first place, the deviation in the force-displacement curve from the linear behaviour, 
which is often associated with debonding, could occur at different stresses depending on 
the loading conditions, mainly loading rate, holding time and temperature. This region 
dominated by viscoelastic phenomena could be considered an intermediate regime 
between the cohesive and frictional regimes [2]. 
In addition, the contribution made by the friction force between debonded regions 
of the carbon fibre and the polymer is likely to be masked by the viscoelastic 
components acting on the bonded areas. A separation of these two components would 
be difficult, unless a complete debonding of the fibre is achieved. Unfortunately, this 
condition was beyond the experimental limitations of the Berkovich indenter used in 
this study. The viscoelastic deformation would also take longer time to recover [19], 
and this should be taken into account when assessing the dissipative and non-dissipative 
mechanisms [16]. 
Finally, the surface treatment of the carbon fibres may alter the mechanical 
properties of the interface material and the thickness of the interface, thus affecting its 
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viscoelastic response. Battisti et al. [28] reported an increase in the interlaminar shear 
strength when multi-wall carbon nanotubes (MWCNTs) were grafted on the carbon 
fibres, despite the lack of interaction between the MWCNTs and the carbon fibres. 
Therefore, it is speculated that the deviation in the force-displacement curve from the 
linear behaviour observed after some surface treatments could be related with changes 
in viscoelastic response of the polymer around the fibres, instead of the IFS. This 
phenomenon could reveal new strengthening and toughening strategies for composite 
materials [15, 29]. 
 
5. Conclusions 
The push-out tests conducted on carbon fibre reinforced epoxy using different 
loading rates and testing temperatures revealed the following conclusions: 
- It was possible to push-out single carbon fibres from the matrix with a Berkovich 
indenter under different loading rates and temperatures (below and above Tg). 
- The deviation in the force-displacement curve from the linear behaviour, which is 
often associated with debonding, could occur at different stresses depending on the 
loading conditions, mainly loading rate, holding time and temperature. 
- The interfacial strength (IFS) and stiffness increased with increasing loading rate and 
decreased with increasing temperature. 
- A time-dependent response was observed in all cases but was more noticeable in the 
experiments conducted at high loading rate or at high temperature. The behaviour 
could be described with simple viscoelastic models.  
The viscoelastic response has interesting implications for the micro-mechanical 
models that predict the interaction between the carbon fibres and the polymeric matrix. 
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This phenomenon could reveal new strengthening and toughening strategies for 
composite materials. 
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Figure captions 
Figure 1: Macrographs of the Rebar S12 samples: a) Discs extracted from the rod and b) 
thin specimen on a spatula, during the final stage of preparation. 
Figure 2: Differential scanning calorimetry (DSC) curve of Rebar S12. 
Figure 3: Schematic diagram of the experimental set-up used for the push-out tests. 
Figure 4: SEM micrographs of a specimen after the push-out tests: a) front side 
(pushed-in) and b) back side (pushed-out) of the specimen. 
Figure 5: AFM observations of a specimen after the push-out test: a) 3D image of the 
pushed-out fibre and b) cross section profile of the same fibre. 
Figure 6: Typical load-displacement curve of the push-out tests. The arrows indicate the 
loading direction and the inset corresponds to the displacement during the 
dwell time at constant load (region 4). 
Figure 7: Strain-time (solid) and stress-time (dash) curves obtained with different 
loading rates and temperatures. 
Figure 8: Strain-time curves at dwell time (constant load) obtained with different 
loading rates and temperatures. The graphs show the strain relative to the 
deformation at the beginning of the dwell time. The fitted exponential (dot 
line) and logaritmic (dash line) curves are superimposed to the experimental 
data. 
Figure 9: High magnification SEM micrograph of a pushed-out fibre. 
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Tables 
 
 
Table 1: Nominal mechanical properties of Rebar S12 from specification sheet. 
Material 
Young’s 
modulus 
Tensile 
strength 
Strain at 
break 
Shear 
strength 
Rod 
diameter 
Volume fraction 
of fibres 
Rebar S12 150 GPa > 1900 MPa > 1.30% 200 MPa 12 mm 70% 
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Table 2: Loading conditions used for the push-out tests. 
Mode 
Number 
of cycles 
Displacement 
per cycle 
Maximum 
load 
Loading 
rate 
Dwell 
time 
Unloading 
rate 
Multiple cycles, 
depth controlled 
2 1 μm 200 mN 
0.1 mN/s 
1.0 mN/s 
10 mN/s 
5 s 
0.1 mN/s 
1.0 mN/s 
10 mN/s 
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Table 3: Summary of results from push-out tests. The reference points correspond to Figure 6. 
Loading 
rate 
Stress  
at point 1  
[MPa] 
Strain  
at point 1 
[ ] 
Slope of linear 
section 2 
[mN / nm] 
Stress  
at point 3 
[MPa] 
Strain  
at point 3  
[ ] 
Maximum stress in 
Cycle 1 (point 4) 
[MPa] 
Maximum strain 
in Cycle 1 (point 4) 
[ ] 
Loop area (5) 
[μJ] 
RT 0.1 7.2 ± 1.2 0.007 ± 0.001 35.1 ± 3.5 30.5 ± 3.9 0.021 ± 0.002 39.3 ± 5.4 0.032 ± 0.001 0.80 ± 0.23 
RT 1 9.9 ± 1.9 0.009 ± 0.003 39.9 ± 5.4 40.5 ± 6.1 0.025 ± 0.005 53.6 ± 8.0 0.041 ± 0.008 1.30 ± 0.38 
RT 10 9.7 ± 1.4 0.008 ± 0.001 40.2 ± 3.9 42.9 ± 1.9 0.023 ± 0.003 52.2 ± 2.7 0.035 ± 0.001 2.84 ± 0.41 
HT 0.1 2.8 ± 3.0 0.004 ± 0.004 19.6 ± 4.4 27.2 ± 9.2 0.030 ± 0.005 40.5 ± 12.9 0.054 ± 0.003 0.38 ± 0.14 
HT 1 7.3 ± 1.2 0.009 ± 0.002 29.9 ± 3.0 40.9 ± 4.7 0.033 ± 0.005 52.3 ± 4.6 0.050 ± 0.001 1.65 ± 0.22 
HT 10 7.4 ± 2.4 0.009 ± 0.002 27.4 ± 4.6 41.9 ± 9.4 0.036 ± 0.006 51.0 ± 8.4 0.048 ± 0.004 2.51 ± 0.86 
RT: room temperature (24°C); HT: High temperature (125°C)
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Table 4: Fitting parameters from Kelvin-Voigt and logarithmic models. 
 Kelvin-Voigt model Logarithmic model 
Loading 
rate 
Room 
temperature 
High temperature 
Room 
temperature 
High temperature 
k τ k τ meff 𝜞 meff 𝜞 
0.1 mN/s 635 3.30 216 6.60 0.09% 1.57 0.33% 4.57 
1 mN/s 116 1.50 78 1.45 0.33% 0.23 0.45% 0.29 
10 mN/s 80 1.30 70 1.60 0.42% 0.38 0.52% 0.35 
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Abstract 
Push-out is one of the available techniques to assess the bond strength between 
the reinforcing fibres and the matrix in composite materials. The test is conducted on 
thin sections of composite, and a small indenter is used to apply increasing load on 
single fibres while measuring the displacement, until the debonding occurs. This study 
used push-out tests to assess the debonding mechanism of carbon fibres in an epoxy 
matrix. The tests were conducted at multiple loading rates (0.1 mN/s, 1 mN/s and 10 
mN/s) and temperatures (24°C and 125°C). The results were analysed and contrasted 
with scanning electron microscopy and atomic force microscopy observations. The data 
showed evidence of push-out events and provided new insights into the contribution of 
*Manuscript
Click here to view linked References
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the viscoelastic behaviour of the fibre/matrix interface and/or the matrix. This finding 
could pave new pathways for improving the bond strength between the carbon fibres 
and the matrix in composite materials. 
 
Keywords: Carbon fibres (A); Polymer-matrix composites (A); Debonding (B); Creep 
(D)  
 
1. Introduction 
Carbon fibre reinforced polymers are composed of two phases: the carbon fibres, 
which provide strength and stiffness, and the polymeric matrix, which holds the 
reinforcing fibres in place and distributes the load among individual fibres [1]. The 
interfacial strength (IFS) between carbon fibres and polymeric matrices has important 
implications for the mechanical properties of composite materials [2, 3]. In spite of the 
extensive research efforts, the appropriate assessment of the IFS and its link to the 
macroscopic properties of composites remains challenging. Several testing methods 
have been developed to assess the IFS [4], including: micro-bond [5], pull-out [6, 7] or 
push-out tests [8, 9], fragmentation tests [10, 11] and Raman spectroscopy 
measurements of specimens under stress [12]. Even though each of these methods can 
be used to effectively rank the IFS, the results obtained by different methods are not 
directly comparable [13]. Moreover, it is difficult to link the microscopic test results 
with the macroscopic properties of composites. The inconsistencies are frequently 
attributed to the different stress states developed in microscopic and macroscopic 
conditions [13]. 
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In addition, there is no general agreement on the operating interfacial failure 
modes. Several models have been proposed with this regard, mainly based on stress and 
energy failure criteria [9, 14]. However, the limitations of both approaches have been 
discussed by several authors [15, 16], which could be attributed to the different load-
displacement responses of ceramic-matrix and polymer-matrix composites. Clearly, 
further advance in scientific understanding of the debonding mechanism is important to 
improve the IFS and to predict the behaviour of composites materials in real operating 
environments. In this article, the results of push-out tests, conducted at multiple loading 
rates and temperatures, are presented and discussed. The micro-mechanical tests were 
supported by microscopic observations to identify the debonding mechanisms. 
 
2. Materials and Methods 
2.1. Sample preparation 
The samples used for the tests were extracted from a rod of Toray Rebar S12 
unidirectional composite, consisting of T700 carbon fibres in an epoxy matrix (Table 1). 
Discs, 700 µm thick (Figure 1), were extracted from the rod of Rebar S12 using a 
Struers Accutom 5 precision cut-off machine, fitted with an Al2O3 abrasive disc and 
applying abundant cooling fluid. At least 300 µm of material were removed from each 
side of the discs by wet grinding with #1200 SiC abrasive paper. Finally, both sides of 
the discs were ground with #2500 and #4000 SiC abrasive paper and polished for 10 
minutes with colloidal silica suspension. In their final condition, the discs had a 
thickness between 20 µm and 40 µm, which reduces the load needed for the push-out to 
occur. The samples for the tests were cut from these discs using a sharp scalpel and 
stored in glass vials under room conditions (20°C and 50% relative humidity). 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
4 
 
The glass transition temperature (Tg) of the Rebar S12A was determined using a 
Mettler Toledo DSC 1 Star calorimeter. Small samples, approximately 14.5 mg in 
weight, were placed in aluminium pans and heated from room temperature (24°C) to 
250°C at a rate of 20°C/min in a nitrogen atmosphere, and subsequently cooled down to 
room temperature (Figure 2). The first curve obtained in this way was discarded, and the 
glass transition temperature was determined from the second run, as recommended in 
Ref. [17]. 
2.2. Push-out tests 
The tests were conducted in a Micro Materials Vantage nanoindentation 
instrument, fitted with a Berkovich tip and a hot stage. A custom-made holder was 
manufactured, having 60 µm wide slots produced by electro discharge machining 
(EDM), where the fibres could be pushed out (Figure 3). The samples were fixed onto 
the holder using cyanoacrylate adhesive. Individual fibres were selected at random, 
using an optical microscope with a magnification of 400X. The positioning accuracy of 
the stage was in the order of 0.5 μm and it was re-calibrated every 8 to 12 tests. The 
instrument was operated in the displacement-control mode (through a feedback loop 
with the load) and the loading conditions are listed in Table 2, which consisted of two 
loading cycles. The first loading cycle was interrupted when the displacement reached 
1 μm, which was expected to be close to producing a push-out event, but not sufficient 
for the Berkovich indenter to contact the surrounding fibres. The load held for 5 s 
(dwell time at maximum load), and then gradually removed for the fibre and the sample 
to recover elastically. The second loading cycle was conducted until the displacement 
reached 2 μm or the load reached 200 mN (whichever condition was reached first). This 
cycle was expected to reveal information about the friction between the debonded 
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sections of the carbon fibre and the surrounding matrix, as well as to complete the crack 
propagation thus resulting in a push-out event [15].  
During the push-out tests, the temperature of the sample was controlled using a K-
type thermocouple embedded in the hot stage of the nano-indentation instrument. The 
samples were heated up to the target temperature of 125°C, above the Tg of the material, 
at a rate of 1.6°C/min; the indenter was not actively heated. The temperature was left to 
stabilise for a minimum of 30 minutes and it was kept constant throughout the test using 
a temperature controller. The convection losses were minimised using a ceramic wool 
shielding around the specimen. 
The results presented in the article are the average of 16 experiments or the most 
representative curve of the set. The fitting of the data was conducted with Wolfram 
Mathematica version 11.3, accounting for the stochastic variation between experiments. 
 
2.3. Characterisation 
The specimens were observed in a Jeol 7000 FEG-SEM using a thin carbon 
coating to improve the conductivity. The observations were only conducted once the 
tests were finished, so that the damage by the vacuum environment and the localised 
heating under the electron beam would not affect the results of the push-out tests. 
AFM observations were conducted in a Veeco MultiMode SPM, fitted with an 
AS12 scanner and a silicon nitride cantilever for contact mode. The elastic constant of 
the selected tip was 0.12 N/m. The results were analysed using the Bruker NanoScope 
Analysis 1.5 software. 
 
3. Results 
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3.1. Validity and limitations of the push-out tests 
The SEM observations conducted after the push-out tests clearly revealed single 
fibres which were pushed-in on the loading side of the samples, i.e. the surface of these 
fibres was at a lower plane compared to the nearest neighbours (Figure 4a). The pushed-
in fibres exhibited minimum surface damage, although the edges of the Berkovich 
indenter clearly made contact with the surrounding material, causing damage to the 
neighbouring fibres. In addition, the observations conducted on the back side of the 
samples revealed that the fibres were pushed-out, i.e. the surface of these fibres was at a 
higher plane in relation to the surrounding material (Figure 4b). 
The AFM observations on the back side of the specimens confirmed that the 
fibres were pushed-out (Figure 5). The push-out distance was between 1.0 μm and 1.2 
μm in all cases, which is in agreement with the geometrical limitations of the Berkovich 
indenter used for the experiments. Once this displacement threshold was reached, the 
Berkovich indenter made contact with the surrounding material, thus pushing or 
damaging the surrounding fibres. A careful observation of Figure 4 shows the damage 
on the surrounding fibres and the displacement of the nearest neighbouring fibres, 
relative to the rest of the sample. 
Based on these results, it can be concluded that the load-displacement data 
obtained during the push-out tests for displacements below the 1.2 μm is representative 
of the micro-mechanical response of single fibres in the composite.  
3.2. Load-displacement curves 
The typical load-displacement curve of the push-out tests is illustrated in Figure 6. 
The load and the displacement readings are directly obtained from the nanoindentation 
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instrument, whereas the strain and the stress were calculated using the following 
equations: 
𝜎 =  
𝐿
𝐴
 =  
𝐿
𝜋 ⌀ 𝑡
  (1) 
𝜀 =  
𝑑
𝑡
   (2) 
where 𝝈 is the stress, ε is the strain, L is the applied load, A is the average interface area, 
⌀ is the average diameter of the carbon fibres, d is the displacement and t is the 
thickness of the specimen. 
The characteristic regions of the load-displacement curve are indicated in 
Figure 6. The curves typically show a non-linear region at the beginning of the loading 
cycle, which finishes at displacements of approximately 200 nm (point 1). This section 
of the curve is associated with elastic and plastic deformation of the loaded fibre, until a 
conformal contact with the Berkovich indenter is reached. Larger deformations in this 
region are typically attributed to the elastic bending of the thin sample between the 
supports [18]; the samples exhibiting such behaviour were omitted from this study. The 
curve shows a linear region (2), which is attributed to the stiffness of the interface or the 
stable crack growth between the carbon fibre and the polymeric matrix. This region 
typically finishes at displacements in the order of 650 nm (point 3). At this point, the 
displacement increases more rapidly and a departure from the linear trend is observed. 
This is attributed to the debonding of the fibre from the matrix or the unstable crack 
growth, which often ended with a large displacement at constant load (IFS). 
The inset in Figure 6 shows the displacement during the dwell time (region 4). 
The increasing deformation at constant load is characteristic of a viscoelastic behaviour 
and some push-out events were observed in this region; these events were marked by a 
stepwise increase in displacement at constant load. The maximum displacement at the 
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end of this region was invariably in the order 1.2 μm, in agreement with the AFM 
observations of the fibre displacement after the test. At this point, the load was removed 
to allow for an elastic recovery and a hysteresis loop was formed upon reloading, which 
is frequently attributed to energy loses due to friction between the carbon fibre and the 
polymer [9]. The displacement of the indenter beyond the 1.2 μm threshold is associated 
with a considerable increase in load, because of the physical contact between the 
Berkovich indenter and the surrounding fibres. 
Table 3 summarises the results of the push-out tests conducted at room 
temperature and high temperature with different loading rates. In general terms, the 
samples tested at a low loading rate (0.1 mN/s) showed lower stress values at the 
characteristic points, compared to the samples tested at 1 mN/s and 10 mN/s; the 
differences between the latter were negligible. The strain at the characteristic points was 
comparable for all the loading rate conditions, whereas the loop area (region 5) 
increased with the loading rate. The results of the tests conducted at high temperature 
revealed similar trends, although the slope of the linear section (2) was lower, indicating 
a higher sample compliance at high temperature. In addition, the stress values at 
characteristic points tended to be lower, but the results were also more scattered. The 
loop area showed very similar results at room temperature and high temperature, in both 
cases increasing with the loading rate. 
These comments are reflected on the stress and strain curves plotted as a function 
of time (Figure 7). The stress increased linearly until a maximum point, where the 
displacement of the fibre reached 1 μm. At this point, the load was held for 5 seconds 
before unloading. The strain curves show clear signs of residual deformation at the end 
of the first loading cycle, which are attributed to the pushing-in/out of the carbon fibre 
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under load. The second loading cycle was conducted in a similar way, but in this case 
the maximum deformation reached 2 μm. It must be mentioned that the displacements 
beyond 1.2 μm are affected by the interference between the Berkovich indenter and the 
surrounding material. 
The samples tested at high temperature typically required lower loads to reach the 
1 μm displacement, defined as the limit for the first loading cycle, thus the total loading 
time was shorter. The shape of the strain curves at the end of the first loading cycle is 
noteworthy, where the deflection increases rapidly with minimum changes in the stress 
or even during the dwell time at constant stress. In addition, some differences can be 
observed depending on the loading rate and the temperature. The dwell time at 
maximum load is clearly visible for the high loading rate (10 mN/s), as 5 seconds are a 
significant portion of the total duration of the experiment. However, the dwell time is 
relatively short for the experiments conducted at lower loading rates (1 mN/s and 0.1 
mN/s) so these curves are presented separately in Figure 8. 
The shape of the curves in Figure 8 can be related with the viscoelastic response 
of the polymeric matrix, which is more evident at high loading rates, in which case the 
dwell time takes place before the system reaches equilibrium. On the other hand, the 
response during dwell time is almost linear for the low loading rate (0.1 mN/s), 
reflecting a system closer to equilibrium. In addition, the viscoelastic response during 
dwell time is also affected by temperature. The samples tested at high temperature 
exhibited a much higher compliance compared to the ones tested at room conditions, 
which is attributed to the different response of the polymer below and above the Tg. 
 
4. Discussion 
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The results presented in the previous section are in agreement with the literature 
[2, 9, 14-16]. However, the time-dependent response as a function of the loading rate 
and temperature, as well as the occurrence of push-out events during the dwell time at 
constant load, are noteworthy (Figure 8a, inset). These phenomena seem to be 
associated with viscoelastic response of the interface between the carbon fibres and the 
matrix, or the viscoelastic deformation of the polymer in the immediate vicinity of the 
tested carbon fibres. 
Jäger et al. [16] studied the influence of plastic deformation on the push-out test 
of carbon fibre reinforced epoxy. The authors observed a deviation in the force-
displacement curve from the linear behaviour, which they attributed to plastic 
deformation as opposed to crack growth. This remark highlights the different response 
of polymer-matrix and ceramic-matrix composites [9, 14-16]. The time-dependent or 
viscoelastic deformation is an important mechanism in polymers, which has been 
reported in nanoindentation experiments [19, 20]. 
High magnification observations of the pushed-out fibres revealed elongated 
filaments of polymer still attached to the carbon fibres, even after debonding occurred 
(Figure 9). The filaments rarely formed in the thin sections of polymer between 
neighbouring fibres, but they were frequently observed in the isles of polymer between 
3 staggered fibres, which resembles the plastic strain simulations in Ref. [16]. These 
filaments would continue to resist the displacement of the fibre, even at large strains, 
with the viscoelastic behaviour characteristic of the polymeric matrix. 
The viscoelastic response of polymers is often described using a Kelvin-Voigt 
(Eq. 3) [19, 20] or a logarithmic model (Eq. 4) [21, 22]: 
𝜀(𝑡) =  
1
𝑘
(1 − 𝑒
−𝑡
𝜏 ) =
𝜎
𝐸
(1 − 𝑒
𝜂
𝐸
𝑡)  (3) 
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𝜀(𝑡) =  𝑚𝑒𝑓𝑓 ln (
𝑡
𝛤
+ 1)   (4) 
where ε is the strain, k is the stiffness parameter related with the stress (σ) and the elastic 
modulus of the interface (E), and τ is the relaxation time constant associated with the 
viscosity (η) and the elastic modulus (E) and t is the time, meff is the strain rate 
sensitivity and 𝜞 is the creep time.  
Table 4 shows a summary of the fitting results, which indicate the prevalence of 
viscoelasticity in the experiments conducted at high loading rates (1 mN/s and 10 
mN/s), whereas the samples tested at lower loading rate (0.1 mN/s) exhibited a more 
linear response during the dwell time. The values also reflect the higher compliance 
observed in the high temperature experiments, which can be attributed to the softening 
and drop in stiffness of the polymeric matrix above Tg. The high modulus observed at 
short time range and low temperature can be attributed to the deformation of the 
intermolecular distance, which is a high energy distortion mechanism [23]. On the other 
hand, the reorientation and translation of the chain segments becomes possible at longer 
times and higher temperatures, and this relaxation is reflected on the decrease in 
modulus. Unfortunately, the fitting parameters can only be used as figures of merit at 
this stage, and further work is needed to obtain a detailed molecular interpretation of 
these values [24]. 
It is known that physical ageing can have a marked effect on the viscoelastic 
properties of polymers below Tg [25]. In our case, the samples were stored at room 
temperature for over 6 months (> 15 x 106 seconds), and the duration of the push-out 
tests was short in comparison (between 10 and 600 seconds). Therefore, the physical 
ageing during the tests was negligible and the load-displacement-time curves presented 
in this article are characteristic of a single aged condition (momentary curves) [26]. 
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Mendels et al. [27] reported that the physical ageing of the polymeric matrix had 
no significant influence on the IFS in micro-bond tests, and the observed changes were 
attributed to variations in internal stresses. Greisel et al. [14] conducted push-out tests 
on samples annealed at temperatures above Tg [25], where thermal rejuvenation occurs. 
The change in failure mode, from brittle to ductile, was linked with the relaxation of 
thermal stresses but the ageing time after annealing was not reported. In view of this, 
the effect of physical ageing on the push-out tests may require further study. 
The viscoelastic response has interesting implications for the micro-mechanical 
models that predict the interaction between the carbon fibres and the polymeric matrix. 
In first place, the deviation in the force-displacement curve from the linear behaviour, 
which is often associated with debonding, could occur at different stresses depending on 
the loading conditions, mainly loading rate, holding time and temperature. This region 
dominated by viscoelastic phenomena could be considered an intermediate regime 
between the cohesive and frictional regimes [2]. 
In addition, the contribution made by the friction force between debonded regions 
of the carbon fibre and the polymer is likely to be masked by the viscoelastic 
components acting on the bonded areas. A separation of these two components would 
be difficult, unless a complete debonding of the fibre is achieved. Unfortunately, this 
condition was beyond the experimental limitations of the Berkovich indenter used in 
this study. The viscoelastic deformation would also take longer time to recover [19], 
and this should be taken into account when assessing the dissipative and non-dissipative 
mechanisms [16]. 
Finally, the surface treatment of the carbon fibres may alter the mechanical 
properties of the interface material and the thickness of the interface, thus affecting its 
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viscoelastic response. Battisti et al. [28] reported an increase in the interlaminar shear 
strength when multi-wall carbon nanotubes (MWCNTs) were grafted on the carbon 
fibres, despite the lack of interaction between the MWCNTs and the carbon fibres. 
Therefore, it is speculated that the deviation in the force-displacement curve from the 
linear behaviour observed after some surface treatments could be related with changes 
in viscoelastic response of the polymer around the fibres, instead of the IFS. This 
phenomenon could reveal new strengthening and toughening strategies for composite 
materials [15, 29]. 
 
5. Conclusions 
The push-out tests conducted on carbon fibre reinforced epoxy using different 
loading rates and testing temperatures revealed the following conclusions: 
- It was possible to push-out single carbon fibres from the matrix with a Berkovich 
indenter under different loading rates and temperatures (below and above Tg). 
- The deviation in the force-displacement curve from the linear behaviour, which is 
often associated with debonding, could occur at different stresses depending on the 
loading conditions, mainly loading rate, holding time and temperature. 
- The interfacial strength (IFS) and stiffness increased with increasing loading rate and 
decreased with increasing temperature. 
- A time-dependent response was observed in all cases but was more noticeable in the 
experiments conducted at high loading rate or at high temperature. The behaviour 
could be described with simple viscoelastic models.  
The viscoelastic response has interesting implications for the micro-mechanical 
models that predict the interaction between the carbon fibres and the polymeric matrix. 
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This phenomenon could reveal new strengthening and toughening strategies for 
composite materials. 
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Figure captions 
Figure 1: Macrographs of the Rebar S12 samples: a) Discs extracted from the rod and b) 
thin specimen on a spatula, during the final stage of preparation. 
Figure 2: Differential scanning calorimetry (DSC) curve of Rebar S12. 
Figure 3: Schematic diagram of the experimental set-up used for the push-out tests. 
Figure 4: SEM micrographs of a specimen after the push-out tests: a) front side 
(pushed-in) and b) back side (pushed-out) of the specimen. 
Figure 5: AFM observations of a specimen after the push-out test: a) 3D image of the 
pushed-out fibre and b) cross section profile of the same fibre. 
Figure 6: Typical load-displacement curve of the push-out tests. The arrows indicate the 
loading direction and the inset corresponds to the displacement during the 
dwell time at constant load (region 4). 
Figure 7: Strain-time (solid) and stress-time (dash) curves obtained with different 
loading rates and temperatures. 
Figure 8: Strain-time curves at dwell time (constant load) obtained with different 
loading rates and temperatures. The graphs show the strain relative to the 
deformation at the beginning of the dwell time. The fitted exponential (dot 
line) and logaritmic (dash line) curves are superimposed to the experimental 
data. 
Figure 9: High magnification SEM micrograph of a pushed-out fibre. 
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Table 1: Nominal mechanical properties of Rebar S12 from specification sheet. 
Material 
Young’s 
modulus 
Tensile 
strength 
Strain at 
break 
Shear 
strength 
Rod 
diameter 
Volume fraction 
of fibres 
Rebar S12 150 GPa > 1900 MPa > 1.30% 200 MPa 12 mm 70% 
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Table 2: Loading conditions used for the push-out tests. 
Mode 
Number 
of cycles 
Displacement 
per cycle 
Maximum 
load 
Loading 
rate 
Dwell 
time 
Unloading 
rate 
Multiple cycles, 
depth controlled 
2 1 μm 200 mN 
0.1 mN/s 
1.0 mN/s 
10 mN/s 
5 s 
0.1 mN/s 
1.0 mN/s 
10 mN/s 
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Table 3: Summary of results from push-out tests. The reference points correspond to Figure 6. 
Loading 
rate 
Stress  
at point 1  
[MPa] 
Strain  
at point 1 
[ ] 
Slope of linear 
section 2 
[mN / nm] 
Stress  
at point 3 
[MPa] 
Strain  
at point 3  
[ ] 
Maximum stress in 
Cycle 1 (point 4) 
[MPa] 
Maximum strain 
in Cycle 1 (point 4) 
[ ] 
Loop area (5) 
[μJ] 
RT 0.1 7.2 ± 1.2 0.007 ± 0.001 35.1 ± 3.5 30.5 ± 3.9 0.021 ± 0.002 39.3 ± 5.4 0.032 ± 0.001 0.80 ± 0.23 
RT 1 9.9 ± 1.9 0.009 ± 0.003 39.9 ± 5.4 40.5 ± 6.1 0.025 ± 0.005 53.6 ± 8.0 0.041 ± 0.008 1.30 ± 0.38 
RT 10 9.7 ± 1.4 0.008 ± 0.001 40.2 ± 3.9 42.9 ± 1.9 0.023 ± 0.003 52.2 ± 2.7 0.035 ± 0.001 2.84 ± 0.41 
HT 0.1 2.8 ± 3.0 0.004 ± 0.004 19.6 ± 4.4 27.2 ± 9.2 0.030 ± 0.005 40.5 ± 12.9 0.054 ± 0.003 0.38 ± 0.14 
HT 1 7.3 ± 1.2 0.009 ± 0.002 29.9 ± 3.0 40.9 ± 4.7 0.033 ± 0.005 52.3 ± 4.6 0.050 ± 0.001 1.65 ± 0.22 
HT 10 7.4 ± 2.4 0.009 ± 0.002 27.4 ± 4.6 41.9 ± 9.4 0.036 ± 0.006 51.0 ± 8.4 0.048 ± 0.004 2.51 ± 0.86 
RT: room temperature (24°C); HT: High temperature (125°C)
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Table 4: Fitting parameters from Kelvin-Voigt and logarithmic models. 
 Kelvin-Voigt model Logarithmic model 
Loading 
rate 
Room 
temperature 
High temperature 
Room 
temperature 
High temperature 
k τ k τ meff 𝜞 meff 𝜞 
0.1 mN/s 635 3.30 216 6.60 0.09% 1.57 0.33% 4.57 
1 mN/s 116 1.50 78 1.45 0.33% 0.23 0.45% 0.29 
10 mN/s 80 1.30 70 1.60 0.42% 0.38 0.52% 0.35 
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